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ABSTRACT
Hot gaseous atmospheres that permeate galaxies and extend far beyond their stellar distri-
bution, where they are commonly referred to as the circumgalactic medium (CGM), imprint
important information about feedback processes powered by the stellar populations of galax-
ies and their central supermassive black holes (SMBH). In this work we study the properties
of this hot X-ray emitting medium using the IllustrisTNG cosmological simulations. We anal-
yse their mock X-ray spectra, obtained in TNG100 and TNG50, and compare the results with
X-ray observations of nearby early-type galaxies. The simulations reproduce the observed
X-ray luminosities (LX) and temperature (TX) at small (< Re) and intermediate (< 5Re)
radii reasonably well. We find that the X-ray properties of lower mass galaxies depend on
their star formation rates. In particular, in the magnitude range where the star-forming and
quenched populations overlap, MK ∼ −24 (M∗ ∼ 1010.7M), we find that the X-ray lu-
minosities of star-forming galaxies are on average about an order of magnitude higher than
those of their quenched counterparts. We show that this diversity in LX is a direct manifesta-
tion of the quenching mechanism in the simulations, where the galaxies are quenched due to
gas expulsion driven by SMBH kinetic feedback. The observed dichotomy in LX is thus an
important observable prediction for the SMBH feedback-based quenching mechanisms im-
plemented in state-of-the-art cosmological simulations. While the current X-ray observations
of star forming galaxies are broadly consistent with the predictions of the simulations, the
observed samples are small and more decisive tests are expected from the sensitive all-sky
X-ray survey with eROSITA.
Key words: galaxies: early-type galaxies — general — galaxies: ISM — X-ray: galaxy —
methods: numerical
1 INTRODUCTION
It is evident from observations that most if not all elliptical galax-
ies and many disk galaxies host a supermassive black hole at their
centre (SMBH, see Kormendy and Ho 2013 for a review). By ex-
tracting energy from gas accretion, those SMBHs are the power en-
gines of active galactic nuclei (AGN). Theoretical studies of galaxy
formation have shown that AGN feedback plays an essential role in
? truongnhut@caesar.elte.hu
shaping many properties of massive galaxies (e.g. Springel et al.
2005; Booth and Schaye 2009; Choi et al. 2015; Weinberger et al.
2017). Furthermore, it is also widely considered the most plausible
mechanism for star formation quenching in massive galaxies (see
Man and Belli 2018 and references therein).
From an observational point of view, one of the most promis-
ing avenues to study the effects of AGN feedback is galactic hot
atmospheres (or coronae, see Tumlinson et al. 2017 and Werner
et al. 2019 for reviews). The hot, diffuse, and soft X-ray emitting
gas, that permeates the inter-stellar medium (ISM, within a few
c© 0000 The Authors
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kpc from a galaxy center) or in many cases extends well beyond
the stellar distribution to the circumgalactic medium (CGM, up to
hundreds of kpc in galactocentric distance), encrypts important in-
formation about galaxy formation: it reflects the complex interplay
of various heating/cooling processes such as gravitational heating
via virial shocks, radiative cooling, feedback from stellar activity
(e.g. supernovae explosions) and AGN. Unlike the hot intra-cluster
medium, which extends to larger scales, the galactic hot atmo-
spheres are closer to the sites of star formation and supermassive
black hole activity and therefore their thermal properties are antic-
ipated to be more sensitive to non-gravitational processes, includ-
ing BH-driven feedback. This is supported by recent X-ray obser-
vations of massive early-type galaxies (ETGs) with the Chandra
X-ray observatory (e.g. Goulding et al. 2016; Babyk et al. 2018;
Lakhchaura et al. 2018), which show that the X-ray scaling rela-
tions, e.g. the X-ray luminosity-temperature (LX−TX) relation, are
steeper than the self-similar predictions based only on gravitational
heating. Those studies suggest that, while the hot gas properties
of massive galaxies are primarily determined by the gravitational
potential, they are also affected significantly by AGN feedback.
The emerging consensus picture is that the hot atmospheres
are stabilized by mechanical (also called radio mode) feedback
driven by SMBHs at low accretion rates (e.g. Nulsen et al. 2009;
Randall et al. 2011, 2015; Hlavacek-Larrondo et al. 2015). For ex-
ample, Nulsen et al. (2009) studied a sample of 24 elliptical galax-
ies obtained from the Chandra archive and found that the jet power
that is determined based on the X-ray cavities exceeds the lumi-
nosity of the cooling atmosphere (see Fig. 1 in their work). This
result indicates that mechanical AGN feedback in the form of cav-
ities may be sufficient to offset the energy lost due to the radiative
cooling of the atmosphere.
Low-mass galaxies are generally expected to host fainter X-
ray atmospheres, because their potential wells are shallower. How-
ever, observational studies of hot gas atmospheres in systems down
to below the mass of the Milky Way (e.g Strickland et al. 2004;
Tu¨llmann et al. 2006; Yamasaki et al. 2009; Mineo et al. 2012; Li
and Wang 2013; Li et al. 2017) show that many spiral, late-type
galaxies (LTGs) host detectable luminous X-ray atmospheres, with
LX ∼ 1040 erg s−1. In this low-mass regime, in addition to AGN
feedback, the hot gas content is also expected to be influenced by
stellar feedback (e.g. Sokołowska et al. 2018). Therefore, X-ray ob-
servations of these lower-mass systems potentially probe processes
connected to their star formation status.
Cosmological simulations that include AGN feedback, e.g. Le
Brun et al. (2014); Planelles et al. (2014); Choi et al. (2015), repro-
duce the hot gas properties in better agreement with observations
than simulations that do not consider SMBH feedback. For exam-
ple, Choi et al. (2015) show that, without the inclusion of AGN
feedback, simulations overestimate the X-ray luminosity of the hot
atmospheres by more than 2 orders of magnitude compared to ob-
servations. More importantly, by comparing simulations with vari-
ous treatments of AGN feedback (e.g. thermal versus mechanical),
they point out that, in their implementation, the mechanical feed-
back is the responsible channel for reproducing the observed X-ray
luminosities. However, their work is based on zoom-in simulations
of a relatively small sample of 20 simulated galaxies, with exclu-
sive focus on the high-mass end: M∗ > 8.8× 1010M.
In this paper, we aim to explore the hot galactic atmospheres
using a large sample of simulated galaxies taken from the Illus-
trisTNG project (TNG thereafter: Nelson et al. 2018a; Naiman et al.
2018; Marinacci et al. 2018; Pillepich et al. 2018a; Springel et al.
2018; Pillepich et al. 2019; Nelson et al. 2019). In particular, in
this work we use the TNG100 and TNG50 flagship runs (see Sec-
tion 2.2 for a detailed description): these cover simulated volumes
of ∼ (110 Mpc)3 and ∼ (50 Mpc)3, respectively, comparable to
the volumes probed by current X-ray observations in the local Uni-
verse, and they have a numerical mass resolution good enough for
us to confidently study systems down to the scale of M∗ & a few
109M.
By construction, the TNG simulations are based on a galaxy
formation model whose unconstrained choices have been adopted
to reproduce observed stellar properties, e.g. the galaxy stellar mass
function at z = 0 (see Pillepich et al. 2018b). However, other out-
comes, such as the temperature and metallicity of the hot gaseous
atmospheres, are predictions of the simulation that can be readily
compared with observations. For this task, we employ a dataset of
∼ 160 nearby galaxies that have Chandra and XMM-Newton X-
ray observations in the literature. In particular, in this paper we use
the TNG simulations to get insights into the role that SMBH feed-
back can have on 1) shaping the X-ray properties of the gaseous
atmospheres in galaxies across more than 2 orders of magnitude
in stellar mass and 2) on the relationship between star formation
quenching and gas content.
Within the TNG framework, earlier works by Weinberger et al.
(2017, 2018); Nelson et al. (2018a); Terrazas et al. (2019) find a
close connection between the suppression of star-formation rate in
massive galaxies and the BH feedback in kinetic mode, whereby
suggesting the crucial role played by the latter in establishing the
quenched population in the TNG simulations. Here, we explore the
connection between BH feedback, gas content and star formation
activity by characterizing the hot atmospheres of star-forming and
quenched galaxy populations in TNG100 and TNG50 at z = 0,
after having compared the X-ray properties of the hot atmospheres
of simulated ETGs with observed ones. For this purpose, we per-
form mock Chandra X-ray observations of the simulated galaxies
to mimic the typical observation procedure applied to the observed
samples elected for the comparison.
The paper is arranged as follows. We first describe in Section
2 the observed and simulated galaxy samples and the analysis of
the mock X-ray observations. Section 3 is dedicated to the compar-
ison between the simulated and observed ETG samples. We first
describe the way we select analog quiescent galaxies from the sim-
ulations and perform a detailed comparison between the simulated
and observed X-ray relations. Next, in Section 4, we inspect the de-
pendence of the X-ray luminosity on the galaxy properties for both
simulations and observations. In Section 5, we carry out a theoreti-
cal investigation on the origin of the difference in LX in connection
with the star formation rate and with the SMBH feedback. Finally,
we conclude in Section 6.
2 METHODOLOGY AND GALAXY SAMPLES
2.1 The X-ray observational samples of reference
In this paper, we compare the output of the TNG simulations (see
Section 2.2) to results from observations. In particular, we collect
a number of galaxy datasets with available X-ray measurements.
Their basic properties are summarized in Table 1, including e.g.
subsets of the MASSIVE and ATLAS3D samples by Goulding et al.
2016.
To validate the TNG model in terms of gaseous atmospheres,
we collect samples of massive early-type galaxies from observa-
tions. In particular, we employ the sample compiled by Gould-
ing et al. (2016), which consists of 74 ETGs obtained from the
MNRAS 000, 000–000 (0000)
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Table 1. Summary of the observed datasets used in our study to contrast observational findings to the outcomes of the TNG100 and TNG50 simulations.
Dataset Number of galaxies Type Distance Aperture Main Instrument Exposure Fitting Model
MASSIVE (Goulding et al. 2016) 33 Early-type < 108 Mpc Re Chandra ACIS-S 2-300 ks APEC
ATLAS3D (Goulding et al. 2016) 41 Early-type < 42 Mpc Re Chandra ACIS-S > 10 ks APEC
Lakhchaura et al. (2019) 24 Early-type < 100 Mpc Re Chandra ACIS-S 2-175 ks APEC
Babyk et al. (2018) 42 Early-type ∼< 150 Mpc 5Re Chandra ACIS-S > 10 ks APEC
Mineo et al. (2012) 20 Late-type < 40 Mpc D25 Chandra ACIS-S > 15 ks MEKAL
Li and Wang (2013) 39 (29) Late/(10) early-type ∼< 30 Mpc D25 Chandra ACIS-S ∼> 10 ks MEKAL/VMEKAL
Li et al. (2017) 6 Late-type < 100 Mpc 30− 100 kpc XMM-Newton EPIC 45-123 ks APEC
MASSIVE and ATLAS3D surveys with available Chandra X-ray
observations. As the selection of these is based on well-defined
optically-based criteria and their X-ray data are analyzed in a ho-
mogeneous way, we choose the Goulding et al. (2016) sample as a
reference throughout the paper. Below we briefly describe the se-
lection as well as the X-ray analysis of the compiled MASSIVE
and ATLAS3D samples.
Unlike in simulations, observations rarely come along with
dynamical mass measurements, thus one has to rely on mass prox-
ies. One of such proxies that is widely used in observational studies
is the K-band absolute magnitude (MK) for it is considered to be
closely linked to stellar mass (e.g. Cappellari et al. 2011; Ma et al.
2014). For all the observational datasets used in this paper, the K-
band magnitude is collected from the Two Micron All Sky Survey
(2MASS) database for extended sources1. The total K-band mag-
nitude is computed from the total K-band luminosity of the galaxy
derived from a combination of the measured inner surface bright-
ness profile and an extrapolated profile at larger radii obtained by
fitting the inner one to a single Sersic profile (Jarrett et al. 2003).
The MASSIVE survey targets the most massive ETGs in the
local Universe within a distance of d . 108 Mpc and with an
absolute K-band magnitude MK < −25.3 (M∗∼> 1011.5M) re-
sulting in a volume-limited sample of 118 galaxies (see Ma et al.
2014 for an overview). About 1/4 of the original sample, i.e. 33
galaxies, have X-ray observations in the Chandra archive. The
ATLAS3D survey, on the other hand, is dedicated to lower-mass
(MK < −21.5 orM∗∼> 6×109M) galaxies, within a smaller dis-
tance of d . 42 Mpc (see Cappellari et al. 2011, for an overview).
41 galaxies, out of the original sample of 260 nearby ETGs, have X-
ray data obtained by Chandra. For both MASSIVE and ATLAS3D,
the early-type nature of the galaxies is established by selecting ob-
jects based on their morphology, i.e. only ellipticals and S0 are
selected. In practice, this has been achieved by excluding galaxies
with spiral arms upon visual inspection of their stellar-light images.
X-ray spectra are extracted within a circular region of the half-light
radius (Re) to allow direct measurements of X-ray quantities of
the hot gas hosted by the galaxies. A model of a single-temperature
plasma in a collisional ionisation equilibrium (APEC) is used to de-
scribe the X-ray emission of the hot inter-stellar medium. The spec-
tral fitting for the temperature is limited to the energy range [0.3−7]
keV, while the X-ray luminosity is computed in the [0.3 − 5] keV
range.
Though starting with volume-limited and magnitude-selected
samples, the X-ray subsets of MASSIVE and ATLAS3D are not
complete. To enlarge the X-ray sample size, we therefore also con-
sider 24 ETGs from Lakhchaura et al. (2019) (out of an origi-
nal sample of 47 nearby ETGs), with available Chandra observa-
tions and K-band measurements, which do not overlap with the
1 https://irsa.ipac.caltech.edu/applications/2MASS/PubGalPS/
MASSIVE+ATLAS3D sample. In addition, in order to constrain
the X-ray relations across larger galactic apertures, we employ 87
ETGs obtained from Babyk et al. (2018), of which 45 systems
overlap with the MASSIVE+ATLAS3D+Lakhchaura et al. (2019)
sample. The X-ray properties of these galaxies were measured by
Chandra within a radius of 5Re.
Finally, in order to investigate the X-ray properties of the hot
gas in low-mass, star-forming galaxies and to compare our findings
from TNG with existing observations, we also collect a sample of
nearby late-type galaxies taken from Mineo et al. (2012); Li and
Wang (2013); Li et al. (2017). Mineo et al. (2012) report an X-
ray study of 20 late-type (spiral and irregular), star-forming galax-
ies at d . 40 Mpc observed by Chandra, covering a broad range
in star formation rates (∼ 0.1 − 17Myr−1) and stellar masses
(∼ 3 × 108 − 6 × 1010M). We also include a sample of 39
highly-inclined (i & 60o), mostly late-type galaxies (see Table 1)
at d . 30 Mpc observed by Chandra and analysed by Li and Wang
(2013). The studied sample covers a range of about 2 orders of mag-
nitude in stellar mass (∼ 109−1011M). Furthermore, we added 6
massive (M∗ & 1011M) spiral galaxies at d . 100 Mpc observed
by XMM-Newton (Li et al. 2017). For all these late-type galaxies,
the systematic analysis of point source contamination, which is es-
sential for X-ray studies of the hot gas of star-forming galaxies, is
addressed extensively.
2.2 The IllustrisTNG simulations
The simulated galaxies used in this study are obtained from
the IllustrisTNG2 project, a set of cosmological magneto-
hydrodynamical simulations (Nelson et al. 2018a; Naiman et al.
2018; Marinacci et al. 2018; Pillepich et al. 2018a; Springel et al.
2018). These are performed with the AREPO code (Springel 2010),
include a wide range of astrophysical processes, and are run with
cosmological parameters consistent with results from Planck ob-
servations (Planck Collaboration et al. 2016): matter density Ωm =
0.3089, baryon density Ωb = 0.0486, dark energy density ΩΛ =
0.6911, Hubble constantH0 = 67.74 km s−1Mpc−1, power spec-
trum normalization characterized by σ8 = 0.8159, and primordial
spectral index ns = 0.9667.
The TNG model of galaxy formation (Weinberger et al. 2017;
Pillepich et al. 2018b) is based on the original Illustris model (Vo-
gelsberger et al. 2013; Torrey et al. 2014) and includes primordial
and metal-line radiative cooling, prescriptions for star formation
and evolution, supernovae feedback, metal enrichment, and super-
massive black hole growth and feedback.
The TNG suite includes runs with various volumes and res-
olutions. For this work, we use two simulated samples of galax-
ies at z = 0 extracted from the TNG100 and TNG50 flag-
2 http://www.tng-project.org
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ship runs. TNG100 covers a cosmological comoving volume of
(110.7 Mpc)3 with a baryon mass resolution of mbaryon = 1.4×
106M. The recently-completed TNG50 (Pillepich et al. 2019;
Nelson et al. 2019) offers the best resolution amongst the TNG sim-
ulations, with 16 times better mass resolution than TNG100 over a
volume of (51.7 Mpc)3. Moreover, within the star-forming regions
of TNG50 galaxies, the spatial resolution of the gas cells lies in
the 70-140 pc range, with stellar and dark matter softening below
300 pc (see Table 1 and Figure 1 of Pillepich et al. 2019, for more
detail). We combine the two datasets in a complimentary way, as
TNG100 is optimal for probing the most massive galaxies, while
TNG50 is necessary when studying low-mass galaxies.
2.2.1 SMBH growth and their feedback in the TNG model
Of particular importance for this study is the implementation of BH
physics, which we hence summarize here (see Weinberger et al.
2017, 2018, for more detail). For any friend-of-friend (FoF) halo
identified on the fly with mass larger than 7.38 × 1010M and
with no BH yet, a SMBH with a mass of 1.18× 106M is seeded.
Thus, the SMBH can grow by accretion of gas via an Eddington-
limited Bondi model (see equations 1-3 in Weinberger et al. 2018)
or via merging with other SMBHs following the merging of their
host galaxies.
For the modelling of BH feedback, the TNG model employs a
two-mode scenario in which SMBHs can release feedback energy
into the surrounding environment either in the form of thermal en-
ergy (thermal mode) or kinetic energy (kinetic mode). The total
amount of the injected energy depends on the accretion rate onto
the SMBH (see equations 7-9 as well as the corresponding numeri-
cal values for the efficiency parameters in Weinberger et al. 2017).
In the TNG model, the division into the two modes is controlled
by the BH accretion rate. While the thermal mode is present when
SMBHs are at high accretion rates, the kinetic mode is switched on
when the value of the Eddingtion ratio drops below the threshold:
χ = min
[
0.002
(
MBH
108M
)
, 0.1
]
, (1)
where MBH is the SMBH mass. The numerical values in equation
(1) are determined so that the TNG simulated galaxies show realis-
tic properties in terms of their stellar component, such as the stellar
mass function and spatial extent of the stellar population at z = 0.
2.3 Measurement of observables from simulated galaxies
In this Section we describe the definitions as well as the procedures
used to compute observable quantities from simulated data.
2.3.1 Mock X-ray analysis and Intrinsic X-ray properties
For comparison with X-ray observations, we carry out mock X-
ray analyses of simulated galaxies to obtain values for the X-ray
luminosities and the gas temperatures that closely mimic those de-
termined from actual observations.
In practice, the analysis involves two steps: i) generating mock
spectra for a collection of gas cells within a region of interest for
each simulated galaxy, and ii) fitting the integrated mock spectra
to obtain X-ray quantities (such as the X-ray gas temperature, TX,
and the X-ray luminosity, LX) on a galaxy by galaxy basis.
For any given object, the gas cells are selected from a cylin-
drical region that is randomly oriented with respect to the galaxy
structure – in our case, along the z-axis of the simulation box –
and is centered at the galaxy position – i.e. the location of its most
gravitationally bound resolution element. To account for projec-
tion effects, the cylinder height is equal to 10 × Re, where Re is
the effective radius (or half light radius, see the definition below)
and we measure the X-ray signals within projected circles with 1
or 5 × Re radii. Only non star-forming gas cells are used. More-
over, only gas cells that are gravitationally bound to the galaxy of
interest are considered. In the case of central galaxies, our mock X-
ray signals therefore automatically excise the contribution from e.g.
satellite galaxies, as typically done in observations. In the case of
satellite galaxies orbiting in more massive groups and clusters, our
mock X-ray measurements naturally exclude the contribution from
the background ICM. However, in the case of a central galaxy, in
our mocks no additional contribution is subtracted off, namely we
do not model and exclude a possibly separate contribution from the
ICM, as sometimes done in observations.
For each gas cell, a mock spectrum is generated based on its
gas density, temperature, and metallicity assuming a single temper-
ature APEC model plus galactic absorption (“wabs(apec)”) using
the XSPEC3 (Smith et al. 2001) package. The mock spectrum is
created for an exposure time of 100 ks, which is consistent with
the typical depth of actual observations (see Tab. 1). We use a col-
umn density nH = 1020cm−2. To be more realistic, the simulated
spectra are convolved with the response files of Chandra4, assum-
ing an energy resolution of 150 eV. The final spectrum is obtained
by adding up all spectra created from the gas cells belonging to the
given region of interest. The mock spectra are then fitted assum-
ing either a single temperature APEC model (1T, “wabs(apec)”)
or a two-temperature model (2T, “wabs(apec+apec)”), by using the
counts in the [0.3−7] keV range and by fixing the galaxy metallic-
ity to its emission-weighted values5. We adopt the solar abundances
values provided by Anders and Grevesse (1989). The fit thus re-
turns best-fitting values and associated uncertainties for all param-
eters of the fitting model, namely the gas temperature(s) and the
normalisation (which is proportional to the gas density squared).
The X-ray luminosity is derived from the best-fit plasma model
(APEC) for each simulated galaxy.
For illustration of the mock X-ray analysis procedure, we
show a couple of examples of mock X-ray spectra as well as their
fits in Fig. 1 for two present-day galaxies at the high and the low-
mass end from the TNG50 simulations. In general, a 1T model is
sufficient to fit the X-ray spectra of hot gas in galaxies across the
considered mass range, except in high-mass systems where a 2T
model is often required to improve the fitting. Those represent the
most massive galaxies at the center of groups or clusters with non-
negligible temperature gradients that make a 1T model inadequate
for the fit. Nonetheless, we have verified that, on average, the X-ray
relations obtained with 1T or 2T models vary by an insignificant
amount compared to their own intrinsic scatters. Therefore, for the
rest of this paper, we opt to show results obtained from fitting the
mock spectra with 1T models only.
To examine how reliable the mock X-ray analysis is, we com-
pare its results with theoretical quantities that can be directly mea-
3 https://heasarc.gsfc.nasa.gov/xanadu/xspec/
4 We use response files for the default pointing of the 20th-cycle Chandra
ACIS-S detector.
5 Zew =
∑
i i×Zi∑
i i
, where Zi is the metallicity of the ith gas cell and i
is the X-ray emission computed as described in equation (2).
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Figure 1. Examples of mock X-ray spectra and best-fitting curves with one- (1T) and two-temperature (2T) APEC models for a high-mass (left) and a low-mass
(right) galaxy taken from the TGN50 simulation at z = 0 (see text in Section 2.3.1 for a detailed description of the mock X-ray analysis).
sured based on each gas cell properties, such as the gas temperature,
density, and metallicity.
The intrinsic total X-ray luminosity of a simulated galaxy is
obtained by summing the X-ray emission from all the gas cells
within a region of interest:
LX,intrinsic =
∑
i
i, (2)
where i is the X-ray gas emission in the [0.3− 5] keV band com-
puted for the ith gas cell assuming a 1T APEC model.
Averaged gas temperatures can be measured using two dif-
ferent weights, the gas mass-weighted (Tmw) and the emission-
weighted (Tew), according to the formula:
Tmw,ew =
∑
i wi × Ti∑
i wi
, (3)
where Ti is the ith gas cell temperature, and wi = mgas,i (gas
mass) for the case of Tmw and wi = i for the case of Tew.
As we explicitly show in Appendix A, it is not possible to ob-
tain mock X-ray measurements for all simulated galaxies in our
mass-limited samples. Especially at the low-mass end, galaxies
may produce zero or a very low number of photons that are re-
ceived by Chandra in a 100 ks exposure time. This may occur be-
cause of the limited numerical resolution or for actual physical rea-
sons, e.g. the gas of the considered galaxies may be too cold to
emit photons in the energy range of interest. In the case of a very
low number of photons, it is not possible to obtain an X-ray tem-
perature from spectral fitting. To avoid galaxies that do not produce
a sufficient number of photons that in turn may result in bad or im-
possible fits and unreliable mock X-ray measurements, we flag sys-
tems with TX lying beyond 3σ off the average TX − Tew relation:
these are excluded from the analysis. All results throughout the pa-
per will therefore include only TNG galaxies with reliable mock
X-ray measurements for both TX and LX: these are labeled “X-ray
detected”. Approximately, the “X-ray detected” sample consists of
galaxies that have LX(< Re) & 5 × 1037 erg s−1. A more de-
tailed discussion on this selection and about the comparison be-
tween mock X-ray quantities and theoretically computed quantities
is given in Appendix A.
2.3.2 Other galaxy properties
The hot gas properties of galaxies are expected to be inextricably
causally related to their stellar and black hole activities. Therefore,
beside computing X-ray quantities as described above, we also uti-
lize other measurements to characterize TNG galaxies, specifically
in relation to their stellar content and SMBH properties.
• Half-mass (r1/2) and half-light (Re) radii. The former refers
to physical radius within which half of the total stellar mass of the
galaxy is contained. The half-light radius, also called effective ra-
dius, is defined as the radius within which half of the stellar light
of the galaxy is contained. In both cases, all gravitationally-bound
stellar particles are considered for the size measurements, instead
of e.g. accounting only for the light down to an effective surface
brightness limit. In this work, in order to characterise the extent
of hot atmospheres, we use the 2D circularized projected half-light
radii computed in the K-band (Genel et al. 2018): these do not ac-
count for the effects of dust.
• Stellar mass (M∗) is the mass in the stellar component mea-
sured within twice the half-mass radius (i.e. < 2r1/2). We use this
for mere reference, and not for comparisons to observations.
• K-band absolute magnitude (MK) is computed from the total
luminosity in the K-band of the stellar particles that lie within 2×
r1/2. It is noted that no dust attenuation is modelled, thus this quan-
tity is aimed to be compared with the extinction-correctedMK from
observational data. In fact, as noted in Section 2.1, observationally-
derived values are obtained from integrating a galaxy’s magnitude
via extrapolation of the light with a single Sersic profile: we com-
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Figure 2. The stellar mass-magnitude relation for TNG100 (left) and TNG50 (right) galaxies at z = 0. The main panels show the scatter plots of stellar mass
and magnitude, while the sub-panels represent the histograms of the two quantities. The grey data points denote simulated galaxies selected to have at least
a minimum stellar mass (denoted by dashed lines): to ensure sufficient resolution of stellar properties. In red, we show galaxies for which we have reliable
X-ray measurements. All plots in this paper are based on TNG100 and TNG50 denoted here by red points: they are objects that pass the mock X-ray analysis
as presented in Section 2.3.1 and Appendix A. The solid lines represent the best-fitting M∗ −MK relations as provided in equations (4) and (5).
ment in the next Sections to what levels the mismatch of operational
definitions impacts our simulation-observation comparison.
• Galaxy color (u − r) is obtained from integrated stellar light
measured within 30 kpc in SDSS-u and SDSS-r bands and account-
ing for the effects of dust (see Nelson et al. 2018a for detailed dis-
cussion). We use u − r colors to separate the simulated samples
into two classes:
– blue: u− r 6 2.1;
– red: u− r > 2.1.
• Stellar morphology refers to parameters that describe the 3D
shape of the stellar distribution. Following Pillepich et al. (2019)
(see also Chua et al. 2019), we use axis ratios (see Pillepich et al.
2019 for detailed description), to characterize stellar distribution,
e.g. disky versus spheroidal or elongated galaxies.
• Specific star formation rate (sSFR) is defined as the ratio of
the instantaneous star-formation rate to stellar mass, both within
twice the stellar half mass radius: SFR(< 2r1/2)/M∗(< 2r1/2).
• Star formation activity flags are used to specify the star forma-
tion status of a galaxy. We employ the operational definitions taken
from Pillepich et al. (2019) to classify simulated galaxies based
on their instantaneous star-formation rate (SFR) and the logarith-
mic distance with respect to the star-forming main sequence at the
corresponding stellar mass (∆ log10(SFR)). More specifically, the
following flags are used in this work:
– star-forming: ∆ log10(SFR) > −0.5.
– quenched: ∆ log10(SFR) 6 −1.0.
• BH feedback-to-binding energy ratio is defined as
Ekin/Ebin ≡
∫
E˙kindt/Ebin, where the nominator is the
accumulated kinetic feedback released by the central super-
massive black hole, and the denominator is the gravitational
potential energy computed for all the gas cells within 2× r1/2 (see
also Terrazas et al. 2019 for the use of this quantity).
2.4 The TNG100 and TNG50 simulated galaxies and their
hot atmospheres
Starting from SUBFIND haloes (Springel et al. 2001), we select
mass-limited samples of z = 0 galaxies from TNG100 (M∗ >
3 × 109M) and TNG50 (M∗ > 108M), so that in both simu-
lations all galaxies are resolved with at least a few thousand stellar
particles. Note that TNG50 has about 16 times better mass reso-
lution than TNG100, albeit sampling a smaller volume: in the fol-
lowing, by simultaneously studying the hot atmospheres of both
TNG100 and TNG50, we provide an estimate of how numerical
resolution affects our quantitative results.
Throughout the paper, we consider both central and satellite
galaxies, with no distinction. We verify that including satellites
does not change significantly any of our qualitative or quantitative
conclusions. Moreover, unless otherwise explicitly stated, we con-
sider all galaxy types, independently of morphology, color or star
formation state.
These mass-selected samples account for 11233 and 7540
galaxies for TNG100 and TNG50, respectively, and are shown as
gray dots in Fig. 2 on the M∗ −MK diagram. However, as men-
tioned in Section 2.3.1 and described in Appendix A, not all galax-
ies produce enough photons in the 0.3 − 7.0 keV energy band in
a 100 ks exposure with Chandra to ensure a reliable spectral fit. In
Fig. 2, red data points indicate TNG galaxies with available and re-
liable mock X-ray properties (labeled as “X-ray detected”): in prac-
tice, we find that simulated galaxies with a few 109 M and above
(MK∼< −21) start to host X-ray emitting gas (with LX & 5×1037
erg s−1). The final sample of TNG100 (TNG50) X-ray-detected
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Figure 3. X-ray flux maps for a random selection of TNG50 galaxies from ∼ 1012M (top left) to ∼ 109.6M (bottom right) in stellar mass, at z = 0.
Each map has a size of 10Re × 10Re and the signal is integrated through a depth of 10Re. Dashed circles represent regions within Re, the K-band half-light
radius.
galaxies consists of 3523 (736) objects, which is about 31 per cent
(10 per cent) of the original mass-selected sample6.
To validate the use of the K-band magnitude (MK) as a mass
proxy, we examine the M∗ −MK relation for our sample of simu-
lated X-ray bright galaxies and verify that their K-band magnitude
does indeed correlate strongly with the stellar mass following the
6 The fractional different between TNG100 and TNG50 is due to the differ-
ent adopted minimum stellar mass cut: if we restricted the TNG50 sample
to galaxies more massive than M∗ > 3 × 109M, as for TNG100, more
than 40 per cent would have well-defined X-ray measurements.
relations:
log10 M∗ = 10.2− 0.47× (MK + 23), (TNG100) (4)
log10 M∗ = 10.2− 0.43× (MK + 23), (TNG50) (5)
with an intrinsic scatter of ∼ 0.1 dex.
Finally, in Fig. 3, we show the X-ray maps of a selection of
TNG50 simulated hot atmospheres, from high (top left) to low
masses (bottom right). We notice a marked diversity in the X-ray
morphology across the sample. At the high-mass end (M∗ & 5 ×
MNRAS 000, 000–000 (0000)
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1011M), the hot atmospheres appear relatively smooth, volume-
filling, and they extend far beyond the stellar distribution (& 5Re).
This result is expected, as massive galaxies reside in massive haloes
that maintain a stable accretion shock at the virial radius, which
heats the accreted gas to the virial temperature (e.g. Birnboim and
Dekel 2003). In addition to gravitational heating, previous stud-
ies of the TNG simulations show that in massive systems feedback
powered by gas accretion onto the central SMBH is the dominant
extra heating channel (Weinberger et al. 2018), which can disperse
the gas from the central regions (Terrazas et al. 2019), heat it up
(Zinger et al. in prep), and drive high-speed galactic outflows (Nel-
son et al. 2019).
Moving toward lower masses, the hot atmospheres become
less extended and less volume-filling, with the X-ray emission ap-
pearing more concentrated in the central regions (∼< Re). In the
TNG simulations, for galaxies with stellar mass below 1010 M,
beside gravitational heating, stellar feedback is the main channel of
extra energy (Weinberger et al. 2018). In the middle row, for ex-
ample, the hot atmospheres exhibit bipolar features, with the X-ray
emitting gas extending beyond the galactic disk: these are indeed
star-forming, disky galaxies and the cold, gaseous, star-forming
disks appear as black “edge-on” regions.
3 COMPARISON BETWEEN TNG AND OBSERVED
EARLY-TYPE GALAXIES
ETGs have been the main focus of past X-ray observations because
they have been considered on average massive enough to host hot
atmospheres that emit abundantly in the X-ray band. Previous theo-
retical studies (e.g. Choi et al. 2015) showed that the hot gas content
in those massive galaxies is particularly susceptible to SMBH feed-
back, thereby making their X-ray observations an ideal avenue to
constrain models of SMBH feedback. However, in order to make
meaningful and quantitative comparisons, it is critical to define a
sample of simulated galaxies that properly represents the observed
sample of ETGs elected for the comparison. In this Section, we first
describe the selection of a sample of ETG-like galaxies from TNG
based on various optical properties and then compare X-ray rela-
tions, i.e. LX−MK and TX−MK, between the selected simulated
and observed datasets.
3.1 Matching the simulated to the observed samples of ETGs
Properly accounting for, and thus reproducing in the simulations,
the selection of observed datasets is challenging: for example, the
MASSIVE and ATLAS3D early-type galaxies are selected based on
morphological criteria, i.e. they are ellipticals and S0s. Yet, such
selection is not easily reproducible, because it is based on visual
inspection, and more quantitative criteria may not return the same
galaxy sample.
We attempt to select TNG galaxies that resemble the reference
ATLAS3D and MASSIVE samples of ETGs from Goulding et al.
(2016) by imposing the following criteria:
• K-band absolute magnitude (MK): we apply the magnitude
cut MK < −21.5 to match the ATLAS3D low-mass threshold.
• Morphology: we select only non-disky simulated galaxies to
mimic the observed sample of ellipticals and S0. For this task, we
apply the same criteria for the stellar axis ratios used in Pillepich
et al. (2019), namely we consider as non-disky all those galaxies
that do not satisfy the following properties: q > 0.66 and s < 0.33.
• Stellar color: we take red TNG galaxies, i.e. with u−r > 2.1.
These add to the requirements of having a minimum galaxy stellar
mass and of being X-ray luminous (see Sections 2.3.1 and 2.4).
The demographics of the simulated ETG-like galaxies are pre-
sented in the upper row of Fig. 4 (grey and brown symbols for
TNG100 and TNG50, respectively) in comparison to the compiled
early-type sample of Goulding et al. (2016). There we show the
color-magnitude (left) and the magnitude/color histograms (right).
It is apparent from the color-magnitude diagram that the mag-
nitude and morphological criteria alone are not adequate to disen-
tangle quenched from star-forming galaxies in simulations. Both
TNG100 and TNG50 non-disky galaxies display bimodal distribu-
tion in the (u − r) − MK diagram. Therefore we opt to apply a
color cut for the simulated objects, u−r > 2.1, which matches the
minimum value of the observed sample7.
In the right panels, we inspect the magnitude and color dis-
tributions. Grey and brown histograms represent TNG100 and
TNG50 ETG-like galaxies, i.e. non-disky and red objects, respec-
tively. A couple of points are worth emphasising when it comes to
discussing the comparison of hot gas properties later.
i) The selected TNG100 and TNG50 samples are more or less
similar to the observed ones regarding the magnitude distribution
except at the bright end and that the latter are somewhat overall
flatter. In particular, in TNG100, the brightest simulated systems
appear to be ∼ 1.5 magnitude brighter than the observed one. It is
important to emphasize that it is difficult to replicate the exact MK
measurement performed for the observed data: in fact, we do not
do that here, as the simulation magnitudes account for the stellar
light from within twice the stellar half mass radius while the ob-
served ones are obtained from extrapolating a single Sersic profile.
From the observation side, there have been concerns (e.g. Lauer
et al. 2007; Ma et al. 2014) that the relatively shallow photometry
(the 1σ surface brightness limit is 20 mag arcsec−2) provided by
the 2MASS survey might bias low the measurement of the K-band
magnitude. As the radial range used for fitting the light profile is
too small to obtain an accurate Sersic index, the total stellar lumi-
nosity could be underestimated especially for the cases of massive
extended galaxies. On the other hand, from the simulation side, we
have already compared TNG100 galaxy stellar mass functions at
z = 0 to observational results (Pillepich et al. 2018a). We verify
that when limiting the radius within which the simulated MK is
computed to a smaller value, e.g. r = 30 kpc instead of 2 × r1/2,
the discrepancy in MK between the brightest galaxies in TNG100
and observations is reduced to ∼ 0.8 magnitude.
ii) For the colors, while the simulated distributions in the red
region centre around the value of u−r = 2.5, the observed sample
is slightly shifted to a higher value of ∼ 2.6. Moreover, there are a
couple of MASSIVE systems that are significantly redder than the
simulated ones (u−r & 3). Finally, the simulated non-disky galax-
ies can extend to much lower values of the u−r distribution. Nelson
et al. 2018a have demonstrated that, across morphological types,
the TNG100 galaxy population is in striking quantitative agreement
with the SDSS g − r and u − r vs. mass distributions, but indeed
for a small discrepancy of u− r ∼ 0.1 at the highest mass end. In
light of this, it is nevertheless clear that the X-ray MASSIVE and
ATLAS3D ETGs represent a highly biased sample of red galaxies.
Before comparing X-ray quantities between simulations and
observations, another stellar quantity that needs to be compared is
7 The color data of the observed sample is collected from the NASA-Sloan
Atlas database: www.nsatlas.org.
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Figure 4. Stellar-light properties of the simulated and observed samples of early-type galaxies at z ' 0. In these panels, we only show those TNG100 (TNG50)
galaxies with M∗ > 3 × 109M (> 108M) that provide enough X-ray photons for our mock Chandra observations to measure reliable temperatures
(see Section 2.3.1 for detail). Upper left: the color-magnitude diagram for non-disky galaxies in TNG100 and TNG50 (grey and brown circles, respectively)
is shown along with the corresponding observed samples of ATLAS3D and MASSIVE galaxies. The contours, computed for the TNG100 data, specify
concentration levels of 90, 60, 30, and 10 per cent of the galaxy distribution density maxima. Those observed galaxies that do not have a u− r measurement
are assigned a zero value of u − r. The dashed-line specifies the threshold of u − r = 2.1 above which TNG galaxies are selected for the comparison with
these observational datasets. Upper right: the two histograms of magnitude (MK, top) and color (u− r, bottom) are shown for the selected simulated sample
(grey and brown histograms) as well as the observed sample. Lower row: comparison on the Re −MK plane for the TNG galaxies selected as “ETG-like”
and the observed datasets. The shaded area represents 1σ envelope about the median relation for the TNG100 sample.
the effective radius,Re, for it is used in X-ray observations to mark
the size of the hot atmospheres (e.g. Goulding et al. 2016; Babyk
et al. 2018; Lakhchaura et al. 2019). This is of particular impor-
tance for massive galaxies, as their hot atmospheres can extend well
beyond the stellar distribution and well into the intra-group/cluster
medium. For this purpose, we show in the lower panel of Fig. 4
the effective radius-magnitude relations for the simulated and ob-
served samples. In agreement with the findings by Genel et al. 2018
who compared TNG100 optical sizes to a number of observational
results, simulated and observed datasets of X-ray luminous ETGs
occupy similar regions in the radius-magnitude space. Marginaliz-
ing over selection biases and possible mismatches in the ways the
effective radii are operationally measured, this result assures that
the properties of the X-ray emitting gas are measured across spatial
regions that are consistent within a factor of 1-1.5 between TNG
and the observed samples. In fact, the effects of numerical reso-
lution are the reason why TNG100 galaxies have somewhat larger
sizes at fixed magnitude than TNG50 ones, by a factor of up to 1.5
or so (see also Pillepich et al. 2019).
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3.2 TNG and observed X-ray relations for ETGs
In Fig. 5, we present the comparison between the simulated and
the observed TX − MK and LX − MK relations for ETGs mea-
sured within Re (left) and 5Re (right). Overall, TNG and the avail-
able observations show similar trends of X-ray properties over the
considered range of magnitudes: in fact, they all occupy similar
regions in the X-ray-magnitude parameter space, returning a non
trivial validation of the TNG model and its underlying models for
the feedback processes.
At the bright end of the MK distribution (MK < −24),
namely for the most massive galaxies (M∗ > 5 × 1010M), both
the TNG and the observed X-ray properties (in logarithmic scale)
can be reasonably described by a linear function of the magnitude.
On the other hand, at the faint end (MK > −24), the X-ray temper-
atures (luminosities) flatten (upturn) for lower-mass galaxies and
exhibit larger scatter. The upward tail in the LX − MK relation
occurs below MK ∼ −24, which represents the transition scale
between star-forming and quenched galaxies. As we will explicitly
demonstrate and discuss later, this reflects the significant variations
in the X-ray luminosities of the two galaxy populations.
To quantify the linear dependence onMK at the bright end, we
describe and fit the X-ray properties with the following formula:
log10(F/F0) = α+ β × (MK + 26), (6)
where F represents either TX or LX, and F0 is the pivotal point.
The parameters α and β are the best-fitting normalization and
slope, respectively. Using the fitting package LINMIX ERR (Kelly
2007), we fit to equation (6) both the TNG100 simulated result,
which covers a sufficiently large range of MK for systems with
MK < −24, as well as the observed data: best-fitting parameters
are reported in Table 2.
The comparison between TNG100 and TNG50 allows us to
assess the effects of numerical resolution and sampling. It is al-
ready known that within the TNG model improved resolution im-
plies smaller sizes (see previous Section) and larger galaxy stellar
masses and luminosities (up to factors of 1.2-1.4 in galaxy stellar
mass at z = 0 in these mass ranges, e.g. Pillepich et al. 2018b).
Nevertheless, overall TNG100 and TNG50 galaxies occupy simi-
lar regions in the parameter spaces with two noticeable differences.
At the highest-mass end, TNG50 X-ray temperatures appear biased
low compared to TNG100: this is probably due to the absence of a
large number of galaxies living at the center of massive clusters, as
the TNG50 volume is almost 10 times smaller than TNG100 and
the most massive TNG50 haloes have masses of 1014M. More-
over, on average, the TNG50 X-ray temperatures and luminosities
within 5Re at fixed magnitude are smaller by a up to a factor of
a few: this could be due to the effects of resolution on the nom-
inal apertures for the measurements (smaller in TNG50 than in
TNG100) or due to the resulting slightly different thermodynam-
ical properties of the gas, or a combination of both.
Within these uncertainties, the simulated TX −MK relations
are in good agreement with the observed relations at both radii.
There is no significant variation in the gas temperature relations
between the two radii, except for a somewhat smaller simulated
scatter for larger apertures: 0.21 vs. 0.15 dex for TNG100. For
MK < −24, the TNG100 simulated TX − MK relation is well
approximated by a linear function as described in equation (6) with
the slope β ∼ −0.38. The observed slope is slightly shallower
8 We note that MK is negative hence a negative slope means a positive
correlation between the two quantities.
(β ∼ −0.2). As MK is closely related to galaxy stellar mass
(as shown in Section 2.4), these findings imply that the gas tem-
perature, which represents its thermal energy, is primarily deter-
mined by a galaxy’s potential (see also Goulding et al. 2016). At
the faint end of the MK distribution, on the other hand, TX starts
to stabilize around 0.3 keV yet with larger scatter, being consis-
tent with the idea that lower mass galaxies are more sensitive to
non-gravitational heating processes such as stellar and AGN feed-
back. It is worth mentioning that though the energy range of fit-
ting is limited to [0.3 − 7] keV to which the Chandra detector is
sensitive, it is still possible to detect systems with cooler gas, e.g.
TX ∼ 0.15− 0.25 keV, as most of the X-ray emission of such cool
gas is soft and results in line emission, e.g. OVII and OVIII within
the Chandra band. These lines are strong and their ratios will pro-
vide a good “thermometer” even if we only detect a relatively small
number of photons.
For the LX −MK relation, the TNG100 and TNG50 simula-
tions reproduce reasonably well the observed trends at both radii,
even though there is a slight offset in normalization (at < Re) de-
pending on exactly which simulation and observational datasets
are considered. For instance, the median value of the simulated
LX(< Re), at MK = −26, is lower than the observed median
value by a factor of ∼ 5. Yet, given the large scatter in both sim-
ulated and observed samples, the discrepancy is less than 1σ. At
larger radii, < 5Re, the ratio between observed and TNG100 LX
median values is less than a factor of 2 and they are fully statisti-
cally consistent.
Taken at face value, given that the simulations and all the ob-
servational datasets appear to be consistent for the TX −MK re-
lations, the difference in X-ray luminosity could be an indication
of a lack of hot gas within the central regions of simulated galax-
ies compared to observations. For instance, given that LX ∝ f2g ,
where fg ≡ Mgas/Mtot is the hot gas fraction, an offset in the
X-ray luminosity by a factor of ∼ 5 can be translated into an off-
set in the hot gas fraction by a factor of ∼ 2. The result might in
turn suggest a too strong black hole feedback in the most massive
galaxies which blows out too much gas from the central regions.
In fact, the mismatch could be more simply due to a difference
(actual or of measurement) in the K-band luminosity towards the
highest-mass end. In practice, the small offset might be of obser-
vational origin. As discussed in Section 2.3.2, the observed MK
could be underestimated due to the relative shallow photometry of
the 2MASS survey. For illustration, if we use MK(< 30 kpc) in-
stead of MK(< 2 × r1/2), the LX offset between simulations and
observations is reduced to a factor of ∼ 4. Finally, we note that the
offset in LX is mainly caused by the high-mass end galaxies of the
MASSIVE sample, which could be biased toward the most X-ray
luminous galaxies in the nearby Universe.
Another point worth noting is that the scatter in LX at a given
magnitude is remarkably larger, about 3 times, than the temperature
scatter in both simulated and observed samples. This suggests that
for massive galaxies at the same stellar mass, their X-ray luminos-
ity may depend significantly on other galaxy properties that affect
or correlate with the amount of hot gas, such as galaxy kinematics
(e.g. fast versus slow rotators, see Sarzi et al. 2013). Further inves-
tigation into the scatter of the X-ray luminosity, though intriguing,
is beyond the scope of the current work and should be addressed in
a detailed future study.
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Figure 5. Comparison between simulated and observed ETG X-ray relations measured within Re (left) and 5Re (right) radius, at z ' 0. The TNG100
and TNG50 selected samples (grey and brown circles) comprise ETG-like galaxies, i.e. non-disky, magnitude-selected (MK < −21.5), and color-selected
(u− r > 2.1) galaxies in addition to a selection in stellar mass and X-ray measurements (see text in Section 3.1). The shaded area represents 1σ uncertainty
about the median relation for the TNG100 sample.
Table 2. Best-fitting parameters of equation (6) for ETG-like TNG100 galaxies (M∗ > 3 × 109M, non-disky, MK < −24, u − r > 2.1, and X-ray
detected) and the observed samples at z ' 0. We provide the observational fit for mere reference as in fact it is done on a combination of data points with
incongruous selections and measurements. For the TNG fits, note that the X-ray properties are determined via Chandra-like mock observations with 100 ks of
exposure time and including the telescope responses. Here TNG galaxy magnitudes account for all the K-band light from within twice the stellar half mass
radius.
Relation F0 α β scatter | α β scatter
Within Re TNG100 | Observations
| (ATLAS3D+MASSIVE+Lakhchaura+19)
TX −MK 1 keV −0.03± 0.02 −0.27± 0.01 0.21± 0.01 | −0.01± 0.03 −0.20± 0.03 0.15± 0.02
L
[0.3−5]keV
X −MK 1040 erg/s 0.77± 0.05 −1.10± 0.04 0.56± 0.02 | 1.54± 0.11 −1.10± 0.12 0.60± 0.06
Within 5Re TNG100 | Observations (Babyk+18)
TX −MK 1 keV 0.02± 0.01 −0.29± 0.01 0.15± 0.01 | 0.02± 0.03 −0.18± 0.03 0.16± 0.02
L
[0.5−6]keV
X −MK 1040 erg/s 1.54± 0.05 −1.20± 0.04 0.61± 0.02 | 1.51± 0.13 −0.83± 0.15 0.72± 0.07
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Figure 6. The dependence of X-ray luminosity on galaxy types. Top row: the left panel shows the TNG LX −MK relation within Re in which the data
points are color-coded according to their u − r information with respect to the threshold value that defines ETGs as presented in Sections 2.3.2 and 3.1. The
contours locate the blue cloud and red sequence loci of the TNG100 simulation. In the right panel, a relation between LX and u − r is shown for TNG100
systems with−25 < MK < −23 at two different radii: Re and 5Re. The contours specify the loci of the blue cloud and the red sequence for the case where
LX is measured within Re. Bottom row: X-ray luminosity as a function of MK magnitude is shown for TNG simulated galaxies in comparison with X-ray
observations. The TNG100 and TNG50 data is represented by color-filled and dashed-line contours, respectively, color-coded according to their u− r colors.
4 THE DEPENDENCE OF X-RAY PROPERTIES ON
GALAXY TYPE
After verifying that the TNG simulations realistically reproduce the
observed X-ray properties of the hot atmospheres in massive ETGs,
we now use the TNG simulations to get insights on the X-ray prop-
erties of low-mass and star-forming galaxies. Of particular interest
is how the X-ray properties depend on galaxy type.
4.1 The LX −MK relations for star-forming and quenched
galaxies
We first examine the simulated LX −MK relation in connection
to the star formation activity of the galaxies using their color, i.e.
u− r, as a proxy for their star formation state.
The top left panel in Fig. 6 shows the LX −MK relation in
TNG100 and TNG50 in which the data points are color-coded ac-
cording to their u − r values. We apply the same color cut as pre-
sented in Section 2.3.2, i.e. u− r > 2.1, to define quenched or red
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galaxies (colored in red), and u−r 6 2.1 to select the star-forming
galaxies (colored in blue). Density contours are drawn to indicate
the most populated regions of the two populations in TNG100. A
clear pattern emerges in both TNG100 and TNG50, in which the
quenched galaxies occupy the bright end (MK < −24) but are
clustered around a relatively low LX (LX ∼ 1039 erg s−1), while
the star-forming galaxies populate the faint end (MK > −24)
and their LX is centered around a higher value (LX ∼ 1040
erg s−1). Critically, at the magnitude range where the star-forming
and quenched galaxies overlap (MK ∼ −24), the TNG simula-
tions predict a clear X-ray luminosity separation between the two
populations, with the star-forming galaxies being X-ray brighter
than the quenched systems. The separation is more pronounced in
TNG100 than in TNG50.
To better quantify how the X-ray luminosity depends on
the star-formation state, we select simulated galaxies in TNG100
whose MK falls in the range where the star-forming and quenched
galaxies overlap, i.e. −25 < MK < −23, and plot their median
values of LX as well as the corresponding 1σ scatter as a func-
tion of u − r, as shown in the top right panel in Fig. 6. We show
the results for LX measured within two apertures, Re and 5Re,
to explore how this effect depends on radius. At both apertures, the
X-ray luminosity decreases steeply with color, falling by more than
one order of magnitude from the blue to the red end. At the red end,
the luminosity measured at an intermediate radius, i.e. within 5Re,
is systematically larger than the one measured within Re. This re-
sult suggests that in the range of K-band magnitudes where the two
populations overlap, the difference in LX between the star-forming
and quenched galaxies is more prominent when measured in the
central regions than at larger radii.
The dichotomy in X-ray luminosity between star-forming
and quenched galaxies is intriguing since it is an observationally
testable prediction. In addition to the observations of early-type
galaxies presented in Section 3.2, we also compare our results with
Chandra and XMM-Newton observations of lower-mass late-type
galaxies taken from Mineo et al. (2012), Li and Wang (2013), and
Li et al. (2017). The final observed sample consists of 163 galaxies
(108 early-type, 55 late-type) spanning a range of over 7 magni-
tudes (−26 < MK < −19).
For comparison with X-ray observations of disk galaxies, it is
worth mentioning a caveat regarding the difference in studied vol-
ume of the hot atmospheres between simulations and observations.
Unlike the case of massive elliptical/lenticular galaxies, the X-ray
observations of disk galaxies (e.g. Mineo et al. 2012; Li and Wang
2013) are mainly taken from a boxy volume with the size character-
ized by D25, which is defined as the B-band projected diameter of
the ellipse major axis at isophotal level 25 mag arcsec−2, and r25
which is the ratio of the major to minor axes of the ellipse (see, e.g.
Fig. 4 in Li and Wang 2013 for an illustration). Instead, in this work
we compute the simulated X-ray quantities within a cylindrical vol-
ume characterized by the effective radius for both star-forming and
quenched galaxies, as described in Section 2.3.1. Compared to sim-
ulations (not shown here), the available observed values, taken from
Li and Wang (2013), of the major and minor axes of the D25 ellipse
fall within the range of the simulated Re distribution. Moreover,
we verify that for low-mass systems, the simulated X-ray measure-
ments withinRe cover the bulk of the total galactic X-ray emission
of that galaxy, e.g. for galaxies with MK > −24, LX(< Re) con-
tributes more than 80% of the total luminosity (LX(< 5Re)). This
result justifies the use of the simulated measurements withinRe for
the comparison with the late-type observations.
In the bottom panel of Fig. 6, we show the X-ray luminosity-
magnitude relation for both observed late- and early-type galaxies
(datapoints in shades of blue and red, respectively) overplotted to
TNG simulated data represented by contours that locate the loci of
star-forming (blue) and quenched (red) galaxies in TNG100 (color-
filled) and TNG50 (dashed-line contours).
Neglecting the inhomogeneity of the datasets collected here,
the observed LX − MK relation can be approximately described
by a broken linear function of magnitude, in which early-type and
late-type galaxies follow two distinct linear relations:
Early − type : log10
(
LX
1040erg/s
)
= (−21.5± 1.3) + (−0.88± 0.05)×MK,
(7)
Late− type : log10
(
LX
1040erg/s
)
= (−6.6± 0.9) + (−0.25± 0.04)×MK,
(8)
with intrinsic scatters of 0.66 dex and 0.48 dex for early-types
and late-types, respectively. The early-type relation is significantly
steeper, where the slope is larger by about a factor of 3 than the
late-type slope. Interestingly, at the joint between the two popula-
tions, MK ∼ [−23,−24], late- and early-type galaxies are segre-
gated into high- and low-LX regions, respectively, on theLX−MK
plane. This segregation causes the scatter in the X-ray luminosity
to be remarkably large, with data points scattering over more than
two orders of magnitude in LX.
Qualitatively, the tentatively observed segregation of X-ray lu-
minosity between late- and early-type galaxies is consistent with
the predictions of the TNG simulations. Nonetheless, as the ob-
served sample of late-type galaxies is statistically limited and not
well defined in terms of the range in near-infrared magnitude and
the probed volume, the qualitative agreement between observations
and simulations at this stage should not be overinterpreted. Another
point worth discussing here is the fact that in the magnitude range
−24 < MK < −22, we see a number of remarkably luminous
late-type galaxies with LX & 1041 erg s−1 in TNG100, which are
as bright as the most massive giant ellipticals. Such highly X-ray
luminous atmospheres in late-type galaxies have so far not been ob-
served in the local Universe, which could be partly due to the fact
that there has not been a sensitive high spatial resolution all sky
X-ray surveys of star-forming galaxies and TNG100 encompasses
a larger volume than the one probed by the current late-type obser-
vations. The upcoming all sky survey with eROSITA (Merloni et al.
2012) will provide excellent X-ray catalogs of nearby galaxies to
examine this prediction of the TNG model.
5 THE ORIGIN OF THE LUMINOSITY DIVERSITY
The diversity in LX presented in the previous Section suggests that
the X-ray emission of hot atmospheres is closely linked to the star
formation state of the host galaxies. In turn, at least within the TNG
galaxy formation model, this is closely connected to the stellar and
SMBH feedback processes. To further investigate the origin of the
X-ray luminosity difference in star-forming and quenched galaxies,
in this Section we inspect the thermal properties as well as the gas
content in the two sets of systems and their connection with the
SMBH driven feedback. For the sake of brevity, we only employ
the TNG100 sample for this theoretical study, though the following
results are also qualitatively applicable to the TNG50 sample.
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Figure 7. The hot gas properties with respect to the star formation activity in TNG100 at z = 0. Clock-wise, the plots are shown for LX −MK, fg −MK
(fg is normalised to the baryon fraction Ωb/Ωm and is taken with respect to the total mass), Tmw −MK, and TX −MK relations (note the difference in the
plotted temperature range in the y-axis of the two temperature plots). The data points are color-coded according to the relative difference between their specific
star formation rate (sSFR) and the running median of the sSFR−MK relation at their magnitude. The vertical dotted line marks roughly the transition point,
MK = −24, between star-forming and quenched galaxies. The contours specify the locations of the two populations, star-forming (blue) and quenched (red),
defined according to the star-formation flags described in Section 2.3.2.
5.1 Connection with Gas content
In Fig. 7 we show the TNG100 relations between the X-ray lumi-
nosity, gas mass fraction (fg), X-ray temperature (TX) and mass-
weighted temperature (Tmw) measured within Re as a function of
the K-band magnitude, in which the data points are color-coded
based on their specific star formation rate (sSFR) with respect to
the median of the sSFR − MK relation at the same magnitude.
In this way, we can isolate the intrinsic correlation between X-ray
properties or gas content and sSFR from their correlation with the
K-band magnitude that traces the stellar mass. On top of that, con-
tours are used to indicate the parameter space occupied by star-
forming (blue) and quenched (red) galaxies, which are flagged de-
pending on their relative position with respect to the main sequence
(see Section 2.3.2 for a detailed definition). Unlike the stellar color
(u − r) proxy, either SFR or sSFR is expected to refer more di-
rectly to the star formation state of the galaxies.
As expected, the two populations of quenched and star-
forming galaxies, when flagged according to their instantaneous
star formation rate, display a similar separation on the LX −MK
plane as in the case of the color-based study presented in Section 4.
However, when color-coded by sSFR at a given magnitude, there
is no clear segregation between galaxies above and below the me-
dian sSFR value across the considered magnitude range except at
MK ∼ −24. At this magnitude (stellar mass), highly star-forming
galaxies are much more X-ray luminous than their counterparts
with low star-formation rates. Importantly, the gas mass fraction
is also found to have the largest scatter at this magnitude, where
galaxies below the median sSFR are gas depleted by more than an
order of magnitude, compared to those above the median.
The temperature relations, TX −MK and Tmw −MK display
different patterns for star-forming versus quenched galaxies. The
former shows no clear division between the two populations even
at MK ∼ −24, where star-forming and quenched galaxies have
similar X-ray temperatures (TX ∼ 0.2 − 0.3 keV). On the other
hand, a clear separation is found in the Tmw −MK plane where
the quenched galaxies are about an order of magnitude hotter than
their star-forming counterparts. The different patterns between the
two temperature estimators can be explained by the fact that the
X-ray temperatures are mainly determined by the temperatures of
the gas cells that emit efficiently in the X-ray band (i.e. [0.3 − 5]
keV)9, therefore it is likely biased high, especially for low-mass
systems, compared to the mass-weighted temperature, which pre-
sumably represents the averaged thermal energy of all the consid-
ered gas cells.
In summary, the results shown in Fig. 7 reveal that the
quenched galaxies in TNG are on average hotter but poorer in gas
9 In fact, TX is a close estimator of the emission-weighted temperature
(Tew). See Appendix A for a detailed comparison of temperature estima-
tors.
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Figure 8. The effects of SMBH kinetic feedback on X-ray luminosity across the explored magnitude range for TNG100. The data points are color-coded
according to the relative difference between their value of feedback-to-binding energy ratio (Ekin/Ebin, see the text for definition) and the running median
of the Ekin/Ebin −MK relation at their magnitude. This energy ratio reflects the capacity of SMBH feedback to push gas out of the central region of the
galaxy. It becomes clearly visible atMK ∼ −24 (M∗ ∼ 1010.7M, dotted line), where the SMBH feedback becomes sufficiently powerful to push out large
amounts of hot gas thereby significantly reducing the X-ray luminosity. The contours represent the two populations of star-forming and quenched galaxies,
identical to those in the top-left panel of Fig. 7.
than the star-forming systems. This indicates that gas depletion is
primarily responsible for the lower X-ray luminosity of quenched
galaxies. In other words, quenched galaxies have lower value of
LX because they contain less (albeit hotter) gas than star-forming
galaxies. This finding explains the previous connection between the
diversity in LX and galaxy types and is consistent with previous re-
sults (e.g. Nelson et al. 2018a,b; Terrazas et al. 2019; Davies et al.
2019) which indicate that gas removal is the primary cause of star
formation quenching in TNG galaxies, in addition to gas heating
(Zinger et al. in prep.).
5.2 Connection to black hole feedback
The results found in the previous Section provide an important con-
nection between the gas content, which is closely linked to the
quenching mechanism, and the diversity in LX. Since the latter can
be verified observationally, it offers a critical test for the quenching
mechanism in the TNG simulations.
Previous studies of BH feedback in TNG, e.g. Weinberger
et al. (2017), Weinberger et al. (2018), Nelson et al. (2018a), and
Terrazas et al. (2019), suggest that the kinetic mode of SMBH feed-
back may play an important role in quenching star formation. The
feedback does not only heat the gas, but it can also lift gas to higher
altitudes or strip the galaxy of its star-forming material. Here, we
aim to explore the imprint of the kinetic SMBH feedback on the
X-ray luminosity of the hot atmospheres. For this task, we con-
sider galaxies that host at least one supermassive black hole at their
center and which have already switched to the kinetic mode (i.e.∫
E˙kindt > 0). By following Terrazas et al. (2019), we compute
the ratio of the accumulated kinetic SMBH feedback to the gas
binding energy Ekin/Ebin, as described in Section 2.3.2.
In Fig. 8, we show the LX − MK relation for TNG100
galaxies, color-coding the data points according to the relative
difference with respect to the median value of the energy ratio
Ekin/Ebin −MK relation at the given magnitude. We also specify
the loci of star-forming and quenched galaxies via contours as done
in the top-left panel of Fig. 7.
In general, the energy ratio does not show much scatter, except
in the range of MK ∼ [−23,−25], where the ratio varies by up to
three orders of magnitude. As shown in previous studies (e.g. Ter-
razas et al. 2019), for low-mass systems (M∗ < 1010.7M), the
gas binding energy appears larger than the accumulated BH kinetic
feedback. As galaxies increase their mass to M∗ ∼ 1010.7M
(MK ∼ −24), at which scale the mass of the central SMBH
reaches the critical value MBH ' 108M as described in equa-
tion (1), the integrated kinetic feedback energy (Ekin ' 1059 erg)
starts to dominate the galactic gravitational potential, causing the
energy ratio to increase by over three orders of magnitude.
We note that at MK ∼ −24, where the energy ratio exhibits
the largest scatter, we see a clear separation in X-ray luminosity for
galaxies above and below the median value ofEkin/Ebin. Galaxies
above the median value, namely systems where the kinetic feed-
back dominates the binding energy, are significantly fainter in X-
rays compared to the galaxies that lie below the median. This result
clearly suggests a casual relationship between the SMBH driven
feedback activity and the diversity in LX, where the kinetic SMBH
feedback lifts appreciable amounts of gas from the central poten-
tial of massive galaxies, driving their X-ray luminosity low, and
MNRAS 000, 000–000 (0000)
16 N. Truong et al
quenching their star formation. It also explains the origin of the
mass scale, M∗ ∼ 1010.7M (MK ∼ −24), where the LX diver-
sity occurs, as it corresponds to the scale where SMBHs start to
effectively switch from thermal to kinetic mode of feedback (see
Weinberger et al. 2017; Terrazas et al. 2019; Davies et al. 2019, for
a discussion).
AGN feedback might not be solely responsible for the ob-
served large separation between the quenched and star-forming
galaxies in LX. This separation could be further amplified by stel-
lar feedback, which could boost the atmospheric X-ray luminosity
in star-forming galaxies. Stellar feedback is expected to both return
an appreciable amount of material into the interstellar medium and
heat the gas above its virial temperature.
6 SUMMARY AND CONCLUSIONS
In this paper we have investigated the properties of galactic hot at-
mospheres using a large sample of simulated galaxies taken from
the IllustrisTNG cosmological simulations. Specifically, we used
galaxies from the TNG100 and TNG50 runs with stellar masses (K-
band magnitudes) spanning the 108−12.5M ([−17,−28]) range
at z = 0. We have carried out mock X-ray analyses of the simu-
lated objects as if they were observed with Chandra and then com-
pared the simulated X-ray scaling relations, such as TX −MK and
LX − MK, to those obtained from a collection of X-ray obser-
vations of nearby galaxies, including for example ATLAS3D and
MASSIVE early-type galaxies with X-ray measurements. We thus
used the simulations to gain critical insights into the diversity of
the hot atmospheres and the connection between the kinetic SMBH
feedback – which provides a mechanism for quenching the star for-
mation in the TNG simulations – and the X-ray properties of the
gaseous atmospheres of these galaxies.
The main results of our study can be summarized as follows:
(i) Most TNG galaxies with a stellar mass above a few 109M
host X-ray emitting atmospheres that can easily be detected by
Chandra with a 100 ks exposure (Fig. 2). The X-ray morphology
of such hot atmospheres can be diverse, with more massive systems
hosting more extended and more volume-filling gas than lower-
mass objects, and with star-forming galaxies exhibiting biconi-
cal features of hot gas extending beyond their cold, star-forming
gaseous disks (Fig. 3).
(ii) After selecting for early-type like galaxies similar to those
of available observational datasets taken e.g. from the ATLAS3D
and MASSIVE surveys, we show that TNG returns TX −MK and
LX −MK relations that are consistent with observations (Fig. 5).
This consistence constitutes a non trivial validation of the TNG
simulations and of their underlying models for stellar and black
hole feedback that are responsible for rearranging and heating the
gas within and around galaxies.
(iii) According to the IllustrisTNG simulations, star-forming
and quiescent galaxies exhibit markedly distinct X-ray luminos-
ity vs. K-band magnitude relations. In particular, the TNG simu-
lations predict a clear X-ray luminosity separation between star-
forming and quiescent galaxies at MK ∼ −24, corrsponding to
M∗ ∼ 1010.7M, with star-forming galaxies being X-ray brighter
than their quenched counterparts, by up to two orders of magni-
tudes (Fig. 6). The difference is more prominent within the central
regions (< Re) than at larger radii (5Re) and it is qualitatively
broadly consistent with currently available X-ray data of late and
early-type galaxies in the local Universe.
(iv) On average, the quenched galaxies in IllustrisTNG host gas
atmospheres that are hotter but contain significantly less gas than
the star-forming galaxies at the same magnitude (Fig. 7). This in-
dicates that, most likely, the LX diversity between the two popula-
tions is driven primarily by gas depletion within quenched galaxies.
In other words, quenched galaxies have lower values ofLX because
they contain less gas than star-forming galaxies, albeit being hot-
ter. This finding is consistent with previous results indicating that
gas removal and heating are the primary causes of star formation
quenching, at least in TNG.
(v) As for the star-formation quenching itself, we show that, ac-
cording to the TNG simulations, the X-ray luminosity of galac-
tic atmospheres correlates with BH activity and, in particular, the
X-ray luminosity dichotomy between star-forming and quiescent
galaxies occurs at the same mass scale where the energy injected
via SMBH kinetic feedback significantly exceeds the gravitational
binding energy of the gas within galaxies (Fig. 8). This result sug-
gests a direct causal relationship between the SMBH feedback, the
physical state of galactic atmospheres, and star-formation.
The LX dichotomy found in our work has been indirectly dis-
cussed in some previous numerical studies (e.g. Croton et al. 2006;
Le Brun et al. 2014; Choi et al. 2015) though the discussion in
those studies was more about the effects of different SMBH feed-
back models, e.g. thermal versus kinetic feedback or thermal feed-
back with various treatments. For instance, Choi et al. (2015)
showed that galaxies simulated with thermal feedback are more
star-forming (i.e. bluer) and exhibit higher X-ray luminosities than
those simulated with mechanical kinetic feedback. However, none
of the previous studies addressed the LX diversity problem using
a self-consistent model which explains the distinction between the
star-forming and quiescent galaxies, as we do in the current study.
To conclude, in this paper we have uncovered an observation-
ally testable, quantitative prediction from the IllustrisTNG simu-
lations. State-of-the-art cosmological simulations of galaxy forma-
tion, such as IllustrisTNG (see also Davies et al. 2019 for EAGLE),
support a scenario whereby the quenching of star formation in mas-
sive galaxies is caused directly by gas removal from the central
regions of galaxies and heating by SMBH feedback. The upcom-
ing all sky survey with eROSITA will provide the necessary data to
perform robust tests for the LX dichotomy between the hot atmo-
spheres of star-forming and quenched galaxies predicted here and
to hence further probe the quenching mechanism in the Universe.
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APPENDIX A: X-RAY SELECTION AND INSPECTION OF
THE MOCK X-RAY ANALYSIS
We compare the X-ray quantities that are obtained from the mock
X-ray analysis procedure, described in Section 2.3.1, to the corre-
sponding intrinsic quantities that can be directly computed based
on simulated gas cell properties. The comparison is helpful for: i)
defining the X-ray selected sample from the simulations, and ii)
examining how reliable the assumed fitting model is.
A1 X-ray Selection
Not all galaxies above a certain mass can be characterized by mock
X-ray measurements. It depends on the instrument sensitivity (in
our case we use Chandra ACIS-S), the energy band of interest
([0.3−7] keV), the exposure time (we adopt 100 ks), and the phys-
ical properties of the gas atmospheres. Galaxies may produce zero
or a very low number of photons that are received by Chandra given
the 100 ks exposure time. This may occur because of the limited
numerical resolution or for actual physical reasons, e.g. because of
the lack of hot gas that could emit photons in the energy range of
interest. In the case of a very low photon number, it is not possible
to obtain a reliable X-ray temperature by spectral fitting and also
LX may not be available.
To gauge the goodness of the results determined by fitting the
mock spectra, we compare them with the intrinsic ones (see Sec-
tion 2.3.1). As it can be appreciated from the top left panel of
Fig. A1, the best-fitting temperatures (TX) from the X-ray mock
analysis appear to follow reasonably well a 1 : 1 relation with the
emission-weighted estimators (Tew), but a number of galaxies de-
viate strongly from the relation. On the other hand, the best-fitting
temperatures tend to overestimate the mass-weighted estimators
(Tmw) in particular at the low-temperature regime (TX < 1 keV),
as shown in the top right panel of Fig. A1. This result could be
explained by the fact that in low-mass systems, Tmw is mainly de-
termined by gas cells with low temperatures that emit inefficiently
in the considered X-ray band.
It should be noted that galaxies producing no or just a handful
of photons cannot be fitted: these are indicated as grey data points
in Fig. A1 (labeled as “non-detected”). In fact, galaxies with no gas
at all (above the simulation resolution limit, see the left panel in
the second row of Fig. A1) cannot even be characterized through
the intrinsic properties, and therefore are by construction excluded
from the analysis of the hot atmospheres. These dominate at low
masses (MK > −24) and constitute about 60 per cent of galaxies
in TNG100.
We also exclude from the analysis systems with best-fitting
mock temperatures TX that lay more than 3σ off the average TX −
Tew relation: blue data points in Fig. A1. Note that the intrinsic
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Figure A1. Inspection of the X-ray selection for TNG100 galaxies based on measurements within Re. Each relation is shown for three classes of galaxies:
“X-ray detected”, “bad fit”, and “non-detected” (see text for more detail). The horizontal clusters of data points at the bottom of the plots represent the X-ray
faint systems with zeros on the y-axes. The dashed lines in the two luminosity-magnitude relations (4th row) denote the value of 5 × 1037 erg/s which
approximates the luminosity threshold of the “X-ray detected” sample. In the main body of the paper, we only consider for further study the “X-ray detected”
galaxies from the mock X-ray observations, i.e. the green datapoints.
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Figure A2. A comparison between the X-ray quantities obtained from the
fitting of the mock X-ray spectra and the intrinsic quantities for the “X-ray
detected” samples of TNG100 (left) and TNG50 (right). Top: comparison
between the emission-weighted (Tew) and gas mass-weighted (Tmw) es-
timators of the gas temperature and the one obtained from fitting mock
X-ray spectra (TX), as a function magnitude. The upper panels show the
median relations and the lower panels represent the temperature residuals
with respect to the best fit values. The shaded areas represent the 1σ confi-
dence envelope around the median TX −MK relations. Bottom: similar to
the top plots but for the comparison between the intrinsic X-ray luminosity
(LX,intrinsic), as given in equation (2), and the one inferred from the mock
spectral fitting (LX).
scatter of the TX − Tew relation is otherwise rather small: ∼ 0.1
(∼ 0.19) dex for TNG100 (TNG50) for galaxies with M∗ > 3 ×
109M (M∗ > 108M) at z = 0. The galaxies with “bad fits” are
a minority but are also characterized by a relatively low numbers of
photons: . 50, see the right panel in the second row of Fig. A1.
In the third and fourth rows of Fig. A1, we inspect the X-
ray relations expressed in terms of both the intrinsic quantities
(left), such as Tew and LX,intrinsic, and the corresponding quan-
tities obtained from the mock X-ray analysis (right), TX and LX.
From the luminosity plots, the “detected sample” can be approxi-
mately characterised by a threshold in the X-ray luminosity: LX &
5× 1037erg/s.
In conclusion, the analysis is carried out only with those galax-
ies that, being above a minimum stellar mass (Section 2.4), are
also detected by mock X-ray observations: these are indicated as
green data points in Fig. A1 and the label “X-ray detected” in
the main body10. They constitute about 34 per cent (10 per cent)
of the TNG100 (TNG50) galaxies above M∗ > 3 × 109M
(M∗ > 108M).
10 We note that the final sample of “X-ray detected” galaxies used in the
paper comes from an X-ray selection at Re and 5Re.
A2 Mock vs. intrinsic quantities
In Fig. A2, we present a quantitative comparison between the mock
X-ray fitting results and the intrinsic values for the “X-ray detected”
samples of TNG100 and TNG50. In the top plot, we compare the
fitted gas temperature with two other temperature estimators: the
gas mass-weighted and the emission-weighted, computed accord-
ing to equation (3), as a function of magnitude. Those quantities
are averaged temperatures obtained by using different weights, e.g.
gas mass and X-ray emission in the [0.3−5] keV range. Compared
to the best fit temperatures determined from the mock spectra, the
emission-weighted estimator follows well the trend across the con-
sidered range of magnitudes. The difference between the two tem-
peratures at a given magnitude in both TNG100 and TNG50 simu-
lations is < 30%, well within the intrinsic scatter of the TX −MK
relation. On the other hand, the TX − MK is consistent with the
Tmw−MK relation only for galaxies at the bright end (MK < −25
in TNG100). At the faint end, for both the TNG100 and TNG50,
the TX significantly overestimates the Tmw estimator, as discussed
in the previous Section, up to 100%, significantly exceeding the
intrinsic scatter. The fact that the TX−MK relation follows consis-
tently the Tew −MK relation indicates that the single temperature
model that we used for the fitting of the mock X-ray spectra is ap-
proximately adequate for studying the temperature relations.
In the bottom plot of Fig. A2, we inspect the X-ray luminosity
derived from mock spectral fitting (LX) and the intrinsic luminosity
(LX,intrinsic), that is directly obtained from summing all the gas cell
emission as given in equation (2), in the [0.3 − 5] keV range. The
fitting-inferred LX is fully compatible with the direct estimation
of the total gas cell luminosity within the considered region (i.e. <
Re), for both simulated datasets. This result ensures that most likely
no systematic bias exists in luminosity obtained from the mock X-
ray analysis.
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